sufficient to convert the previously non-stimulating COR15a intron into one that strongly 1 1 0 boosts mRNA accumulation. Introns containing either 6 or 11 copies of this motif, 1 1 1 named COR15a6L and COR15a11L, increase mRNA accumulation 15-fold and 24-fold 1 1 2 respectively (32). While the ability of an intron to stimulate expression is known to vary with its location 1 1 5 within a gene, the exact positional requirements for IME have not been fully determined. Early studies demonstrated that most introns that boost expression from the 5' end of a 1 1 7 gene have no effect when inserted into the 3' UTR (8, 17, 33) . Experiments varying the 1 1 8 location of an intron in TRP1:GUS coding sequences revealed that their ability to 1 1 9 stimulate mRNA accumulation declines when moved from roughly 250 nt to 550 nt 1 2 0 downstream of the major TSS, and is completely gone when 1100 nt or more form the 1 2 1 major TSS (26) . In most previous studies in which the intron was placed upstream of the 1 2 2 promoter (8, 34, 14) , the distance between the intron and the TSS was more than 550 1 2 3 nt, so the introns may have been too far away to affect expression. While these 1 2 4 experiments clearly demonstrated that introns are unlike enhancer elements whose 1 2 5 influence extends several kilobases, they did not establish if introns must be transcribed 1 2 6
to have an effect, or if they must simply be near the TSS to boost expression whether 1 2 7 transcribed or not. Furthermore, it is unknown if the stimulating ability of an intron continues to increase as downstream of the major TSS where genome-wide average intron IMEter scores peak 1 3 2 (35). Pinpointing the ideal location for a stimulating intron will help to maximize gene 1 3 3 expression in industrial and research applications. Additionally, the differing effects of a 1 3 4 stimulating intron at various locations could yield insight into the mechanism of IME. In this study, we completed the first gene-scale mapping of the effect of intron location 1 3 7 on IME by comparing the expression of TRP1:GUS fusions containing the UBQ10 intron 1 3 8 at different locations around the transcription start site. In the process, we discovered an The 5'-limit of intron position for IME. To determine the 5'-limit from which an 1 4 4 intron can stimulate expression by IME, the first intron of the UBQ10 gene was tested at the 3' limits of intron position for IME. Position 0, -1, and -2 had been previously 1 5 0 designated "259", "551", and "1136" respectively according to their distance from the 1 5 1 most frequently used transcription start site. A different numbering system was used 1 5 2 here because a description of intron location relative to the TSS is complicated by the no extraneous nucleotides in the mRNA (26), and are efficiently spliced, presumably 1 7 3 because the 5' splice site is unchanged, and the 3' PstI site (CTGCAG) conforms to the 1 7 4 major 3' splice site consensus (NNNYAG) in dicots. For intron positions in coding sequences (positions 1 and 2) there were no places where 1 7 7
PstI sites could be made without changing an amino acid, so sites were chosen such 1 7 8 that changes were unlikely to disrupt function. The PstI sites introduced at positions 1 1 7 9 and 2 convert an isoleucine and a glycine respectively into alanines, all of which are in 1 8 0 the family of nonpolar amino acids. Further, the first two exons of the TRP1 gene To qualitatively assess the positional effect of the UBQ10 intron on expression of the 1 8 8 TRP1:GUS reporter, pooled T 2 transgenic seedlings of unknown transgene copy 1 8 9 number were histochemically stained for GUS activity with X-gluc ( Figure 1b ). The 1 9 0 UBQ10 intron clearly stimulated expression from all four transcribed locations but not 1 9 1 from either position upstream of the TSS where they may reduce expression. This is 1 9 2 consistent with previous observations that introns acting by IME fail to increase 1 9 3 expression from upstream of the promoter (8), and suggests that introns may need to 1 9 4 be transcribed to affect expression, even if they are within a few hundred nucleotides of 1 9 5 the TSS. To quantitatively compare expression of reporter genes containing the intron at all Expression levels between independent single-copy lines of each construct were similar 2 0 1 indicating that, for this transgene, the site of integration had little effect. This has been 2 0 2 demonstrated for other TRP1:GUS fusions (37, 26), and likely stems from the fact that 2 0 3 the TRP1 promoter is in the middle of the T-DNA insertion and is isolated from flanking 2 0 4 plant sequences by at least 2 Kb of sequence on each side. GUS enzyme assays and RNA gel blots both indicated that TRP1:GUS mRNA levels 2 0 7 were similar when the UBQ10 intron was located at position 0, 1, 2, 3, or 4 ( Figure 1 surprising because this location is 43 nt upstream of the major TSS, meaning that most 2 1 0 of the transcripts were not predicted to contain the intron. Inserting 304 nt of sequence 2 1 1 between the core promoter and the major TSS was expected to reduce expression. sequences, but they did reveal an effect on the site of initiation. When the intron was 2 1 7 located at positions 1 or 2 (within the first exon), the 5' ends of most 5'-RACE products, 2 1 8 and presumably the TSS, mapped to within 10 nt of the major TSS ( Figure 2 ). However, 2 1 9 when the intron was located at position 3 (within the 5'-UTR), transcription began almost 2 2 0 exclusively within 5 nt of the furthest upstream TSS (Figure 2 ). When the intron was 2 2 1 located at position 4 (upstream of the major TSS), transcription began at the 5'-most 2 2 2 TSS or at locations further upstream where initiation does not normally occur, but not at 2 2 3 any site downstream of the intron including the major TSS ( Figure 2 ). This suggests that 2 2 4 introns may affect the site of transcription initiation and explains how the gene could still 2 2 5 be highly expressed when the intron was located upstream of the major TSS. Expression in the absence of the core promoter. The observation that inserting the intron into the 5'-UTR changed the location at which transcription 2 2 9 predominantly began suggests that transcription does not always start a fixed distance 2 3 0 downstream of conserved sequences in the core promoter. To determine the extent of 2 3 1 the flexibility in sequences that can support initiation, 303 nt of the TRP1 core promoter 2 3 2 were deleted from the TRP1:GUS fusion (from position 3 to 5 in Figure 1a ). The deletion transcription was initiating in the deletion-containing constructs, and to verify that 2 4 9 transcription of the TRP1:GUS fusion was similar to that of the endogenous TRP1 gene, 2 5 0 cDNA from pooled seedlings was amplified by 5'-RACE, cloned, and sequenced. For features of the TRP1 promoter, either sequences or chromatin structure, that are 2 8 7 absolutely required for expression. positions, the effect of the intron on mRNA accumulation was greatest at -18 from the 2 9 7 start codon and least from +510, but the effect at positions 0-4 differed from the average 2 9 8 by less than 25%. The intron position for maximum IME was closer to the start of 2 9 9 transcription than predicted from average IMEter scores, which peak several hundred 3 0 0 nucleotides downstream of the TSS. However, this could be due in part to TSS 3 0 1 annotation errors in the genomic data used to analyze IMEter score distributions. In It was previously unclear whether introns could affect gene expression if they were 3 0 7 upstream of but near the TSS. Here we showed that the UBQ10 intron, which strongly While this finding is consistent with the idea that introns must be transcribed to have an 3 1 1 effect, this conclusion is complicated by the possibility that stimulating introns might 3 1 2 cause initiation upstream of themselves, as discussed below. illustrates a high degree of flexibility in the sequences that can support transcription 3 1 6 initiation. Nonetheless, transcription tends to initiate within the same region for most 3 1 7
genes. In genes with many TSSs, it remains unclear whether each TSS lies a fixed 3 1 8 distance from multiple functional promoters, or if transcription starts at varying distances 3 1 9 from a single promoter because polymerase scans a flexible distance before initiating. Our finding that moving a stimulating intron into the 5'-UTR, or deleting the core 3 2 1 promoter, causes transcription to begin in sequences that do not normally support 3 2 2 initiation suggests that start sites are not determined by promoter sequence alone. There must be additional conditions that can be influenced by an intron to allow initiation 3 2 4 at competent sites that are normally inactive. The transcription stimulated by the UBQ10 intron did not initiate a fixed distance 3 2 7
upstream of the intron, as moving the intron through coding sequences towards the start intron over a range of nearly 500 nt (at positions +29, +118, +218, and +510 relative to 3 3 0 the ATG) in coding sequences of constructs with intact promoters did not appreciably 3 3 1 change the TSS, as determined by the size of transcripts on RNA gel blots and 3 3 2 sequencing 5'-RACE products (Figures 1, 2, and (26)). When at position 4, the intron The region between positions 5 and 6 may have distinguishing features beyond specific DNAse sensitive region that includes the TRP1 promoter does not extend as far These results may help to explain why some promoters are completely dependent on 3 5 9 introns for expression. A subset of intron-dependent genes may not have core 3 6 0 promoters in the traditional sense but rather rely on introns to initiate transcription 3 6 1 upstream of themselves. The ability of stimulating introns to override the tissue 3 6 2 specificity of promoters further suggests that the mechanism of IME does not depend on If introns can drive expression in the absence of a core promoter, it is puzzling that 3 6 7 promoters have not been found more generally dispensable in the large number of introns are rarely included in the genes used to assess promoter activity. One exception There is suggestive evidence from the ENCODE project that some introns might cause for promoter proximal introns to increase gene expression may be conserved across Model. While the mechanism through which introns increase gene expression remains 3 9 1 unclear, the results presented here indicate that introns can have an unexpectedly large 3 9 2 influence on determining the location at which transcription initiates. Any model of IME 3 9 3 must account for the locations from which introns affect expression, and the ability of some but not all upstream sequences to substitute for the normal transcription start 3 9 5 sites of the TRP1 gene. The following speculation incorporates the results presented here with previous data regarding the effect of introns on gene expression in plants and other eukaryotes. This discussion focuses largely on the UBQ10 intron because it is the with high IMEter scores, we predict the expression of as many as 15% of genes in 4 0 0 Arabidopsis may be influenced by a similar mechanism (28). There are likely other ways (1 Kb or less) over which the postulated intron-driven changes in chromatin structure 4 2 3 extend, and the location of potential translational start codons (as described (28)).
2 4
Ribosomes usually scan from the cap structure at the 5' end of an mRNA and initiate 4 2 5 translation at the first ATG, and mRNAs that contain a termination codon too far from 4 2 6 their 3' end are rapidly degraded by nonsense-mediated mRNA decay (48, 49, 50) . Transcripts that initiate either upstream or downstream of the 220 nt window in which 4 2 8 the TRP1 start codon is the first ATG are therefore likely to be unstable (Supplementary protein. The apparent lack of change in TSS when the UBQ10 intron is moved through 4 3 8 TRP1:GUS coding sequences is consistent with the idea that only transcripts that start 4 3 9 within the 220 nt window upstream of the ATG accumulate, and that within that range 4 4 0 the preferred site for initiation is at -41. Conclusion. The ability of some introns to increase mRNA accumulation from more 4 4 3 than 500 nt downstream of the TSS, but not from more than 1100 nt away, and to sequences that can support transcript initiation in response to an intron may contribute 4 5 0 to the difficulty of identifying conserved promoter elements. Further characterization of 4 5 1 the sequences that support initiation in response to an intron, and the role of chromatin 4 5 2 structure, should lead to better understanding of the mechanism through which introns 4 5 3 increase gene expression. at each of the 6 locations (26). To delete the core promoter, a promoter fragment whose (as in Figure 1b and Figure 3a) , T 2 seedlings for multiple lines for each construct were USA) was incubated at 37° for 30 minutes to 2 hours, the plants were rinsed in water, 4 7 7 and chlorophyll was removed with ethanol. of TRP1:GUS mRNAs were mapped by 5'-RACE (as described (40). Briefly, RNA 4 9 2 9. Palmiter RD, Sandgren EP, Avarbock MR, Allen DD, Brinster RL (1991) RNA and protein abundance in yeast . Genetics 174(1):511-8 . A) The first intron of UBQ10 was inserted at one of six locations (numbered 1-6) around the TSS. Previously generated constructs with the same intron at position 0, -1, and -2 were also included to show the full limits of intron position for IME. Arrows mark the most commonly used TSS (-41 relative to the start codon), and the 5'most TSS (-117 relative to the start codon). B) Histochemical staining for GUS activity in transgenic plants that contain the TRP1:GUS fusion with the UBQ10 intron at the indicated position or no intron (NI). Each well in a vertical column contains five T 2 seedlings from an independent line of unknown copy number. C) RNA gel blot probed with GUS and a loading control (the endogenous TRP1 gene). Each adjacent lane with the same label represents an independent single-copy homozygous line. 
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